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Abstract: The transverse 1H relaxivities of aqueous colloidal solutions of dextran coated Dy2O3 nanoparticles
of different sizes were investigated at magnetic field strengths (B) between 7 and 17.6 T. The particle size
with the maximum relaxivity (r2) appears to vary between 70 nm at 7 T (r2 ≈ 190 s-1 mM-1) and 60 nm at
17.6 T (r2 ≈ 675 s-1 mM-1). A small difference between r2 and r2

/ was observed, which was ascribed to
the effect of the dextran coating. The value of r2 is proportional to B2 up to 12 T after which it saturates.
Independent magnetization measurements on these particles at room temperature at magnetic field strengths
up to 30 T, however, show a typical paramagnetic behavior with a magnetization of the particle that is
proportional to the field strength. The saturation in the curve of r2 as a function of B2 was tentatively explained
by the presence of an extremely fast relaxing component of the signal at high field strengths, which is not
observable on the NMR time scale. The results of this study can be exploited for the rational design of MRI
contrast agents, based on lanthanide oxide particles, with high efficiencies at magnetic field strengths of
more than 1.5 T.

Introduction

The present trend in magnetic resonance imaging (MRI) to
move toward higher magnetic fields (>1.5 T) has led to an
improvement of the spatial resolution and the contrast to noise
ratio of the images. However, in molecular imaging, where
cellular molecular events involved in normal and pathological
processes are studied, the sensitivity of MRI is still an important
issue.1–3 Relatively high concentrations of contrast agents (CAs)
have to be applied to achieve the desired contrast.4,5 A possible
way to overcome this problem is to apply particles conjugated
to targeting moieties, which can bring a high payload of
paramagnetic compound to the sites of interest.6–9 At present,
the most commonly used CAs are enhancing the longitudinal
relaxation rate of water resulting in positive contrast (bright

spots). At magnetic fields higher than 1 T the efficiency of these
agents expressed as the relaxivity r1 (the longitudinal relaxation
rate enhancement per mM concentration of lanthanide ions)
drops significantly. Since positive (r1) CAs require direct
interaction of the paramagnetic ion with water, the ability of
magnetic nanoparticles to induce water proton relaxation
enhancement is limited mainly to the water molecules that
interact with the ions at the surface of the particles. Liposomal
particulates with Gd3+ chelates incorporated in the surface have
been shown to have a relaxivity that is invariant above a certain
minimum vesicle diameter due to local fluctuations, which
dominate the rotational correlation time.10 For solid particles,
however, in general a decrease in longitudinal relaxivity is
observed upon increase of the particle size, due to the corre-
sponding decrease of the surface-to-volume ratio.11 Alterna-
tively, high relaxivities can be achieved by susceptibility,
negative (r2), CAs. They reduce the phase coherence of water
protons diffusing near their surface to an extent depending on
the induced magnetic moment of these particles (or the
magnetization of a single particle, Mp). The effect depends on
the total number of paramagnetic ions per particle, the magnitude
of the magnetic moment of the individual ion and the potential
cooperative effect that enlarges the magnetic moment for the
group to be larger than the sum of the moments of the individual
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ions. Thus, r2 increases with the magnetic field strength, B, and
the particle size.12 Recently this has been demonstrated in a
study on cell labeling, where larger magnetic particles appear
to be more efficacious.13 Thanks to both the increased sensitivity
of MRI and of the r2 contrast agents at higher magnetic fields,
the required dose is significantly lower than at low field; at 11.7
T the minimal concentration of negative CAs for satisfactory
contrast enhancement is around 10 times lower than that at 1.5
T.14 On the contrary, a model to assess the minimum concentra-
tion of r1 CAs predicts not such a substantial increase in contrast
upon increase of magnetic field strength.15 All these features
seem to make paramagnetic particles the ideal candidates for
negative contrast agents at higher magnetic fields.

Previously, we have studied the transverse relaxivity of
aqueous suspensions of lanthanide oxide nanoparticles in the
presence of xanthan as an emulsifier.16 The relaxivity appeared
to be proportional to the magnetic field strength and to the square
of the effective moment of the lanthanide, and cooperative
effects between the individual ions of a particle do not occur.
The xanthan was adsorbed in a thick layer on the surface of the
particle. In this layer the water molecules were r2 silent. The
model that could explain these data suggests that the value of
r2 as a function of the particle size should have an optimum.17–22

Here, we report on a study of the effect of the particle size
on the transverse relaxivity of aqueous suspensions of dextran
coated dysprosium oxide particles, with the aim to determine
the optimal radius. We focused on dysprosium oxide particles,
because Dy3+ (together with holmium) has the highest effective
moment among the lanthanides and thus the highest relaxivities.
The values of magnetization of the Dy2O3 particles were
determined independently by magnetization measurement and
compared with the values as determined from the transverse
relaxivity data.

Experimental Section

A suspension of nanoparticles with a particle size of 67 nm was
obtained from Aldrich. This suspension was stabilized by an
emulsifier not disclosed by the supplier and was used without further
treatments.

Nanoparticles with average core radii of 37, 43, 59, and 95 nm
were prepared starting from dysprosium oxide nanoparticles
purchased from Aldrich (two different batches), which had a
diameter of less than 40 nm as determined with XRD by the
supplier. Previous TEM measurements have shown that these
particles form spherical agglomerates consisting of nanosized plates
with a size of 5–10 nm.16 These particles were separated into
fractions with various particle sizes by using centrifugation and
filtration procedures.

Particles with an average radius of 37, 43, 59, 95 nm in the
magnetic core were prepared via separation from two different
batches of the commercially available nanopowder (0.1 g of Dy2O3

nanopowder dispersed in 100 mL of double distilled water) by using
both centrifugation (4000 rpm for 10 min) and filtration of aqueous
suspensions (syringe hydrophilic filters, the pore size of 0.2 µm).

The nanoparticles obtained were encapsulated in a dextran shell
using the following procedure: 0.2 g of dextran (60–100 kD,
purchased from Acros Organics, Geel, Belgium) was added to 10
mL of an aqueous suspension containing 4.3, 0.9, 6.2, 5.2 mg of
Dy2O3 nanoparticles of radius of 37, 43, 59, and 95 nm, respectively,
and then the mixture was stirred overnight at room temperature.
The nanoparticles were subjected to ultrafiltration over a 100 kD
filter and washed with six portions of 50 mL of double distilled
water to remove unadsorbed dextran and other impurities. Cross-
linking of the adsorbed dextran was achieved by suspending an
amount of nanoparticles equivalent with 12 mmol Dy3+ in 100
mL of 5 M NaOH, and 40 mL of distilled water. To this suspension
was added 40 mL of epichlorohydrin.23 The mixture was incubated
at room temperature for about 24 h with shaking to promote
interaction of organic phase (epichlorohydrin) and aqueous phase,
which contains the dextran-covered colloid.

The particles with an average radius of 1 nm were synthesized
in diethylene glycol (DEG) according to a method described in the
literature.24 To a colloidal solution of 14.5 mg of the 1 nm Dy2O3

in 10 mL of DEG, was added a solution of 0.1 g of dextran in 10
mL of water. After stirring overnight at room temperature, the
particles were filtered over a 100 kDa filter, washed with 10 portions
of 50 mL of double distilled water, and immediately taken up in 5
mL of water. Finally, cross-linking with epichlorohydrin was
performed using the procedure described above. The final purifica-
tion of all samples was accomplished by ultrafiltration over a 100
kDa filter and washing of the residue with double distilled water
(six times with 50 mL). The obtained colloidal solutions were
diluted to a Dy3+ concentration of 0.25 mM, which is equivalent
to a volume fraction of the particles, ν, of 5.97 × 10-6. For the
measurements at B ) 11.9 and 17.6 T, the samples were further
diluted to a concentration of 0.05 mM (ν ≈ 1.2. × 10-6), to increase
the accuracy of the measured transverse relaxation times. The
obtained aqueous colloidal solutions were highly stable; after several
months still no precipitation was observed, whereas the DLS
analyses and the relaxivities reported appeared to be reproducible
after that time.

Water proton transverse relaxation times, T2, were measured at
300 MHz (Varian-INOVA spectrometer), 400 MHz (Varian VXR-
400 S spectrometer), 500 MHz (Bruker DRX 500 NMR spectrom-
eter), and 750 MHz (Bruker DMX-750 NMR spectrometer) using
the Carr-Purcell-Meiboom-Gill pulse sequence (CPMG). The
values of T 2

/ were evaluated from the linewidths. All experimental
values of relaxation rates were corrected for diamagnetic contribu-
tions of pure water (0.5 s-1).

The magnetization Mp(B) of aqueous colloidal solutions of Dy2O3

nanoparticles were measured at the High Field Magnet Laboratory
(HFML) in Nijmegen using a ballistic magnetization setup, running
up to B ) 30 T.

The dynamic light scattering (DLS) was performed with a DLS/
SLS/ALV-5000 apparatus using a 35 mW HeNe laser with a
wavelength of 633 nm. The intensity autocorrelation function was
measured at an angle of 90° and analyzed with the CONTIN
method. All samples were placed in an ultrasonic bath and were
centrifuged prior to the DLS measurements in order to remove dust
and other contaminants.
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The concentrations of Dy3+ in the samples were determined from
the bulk magnetic susceptibility shift (BMS) by using a previously
described procedure.25

Results and Discussion

The DLS analyses of the particles studied (see Supporting
Information, Figure S1) show that the particles are characterized
by a narrow size distribution both before and after dextran
coating. The data obtained are summarized in Table 1.

The R2 values obtained with CPMG measurements were
independent of the time interval between two refocusing pulses
(τCP) for the range of τCP values applied in this study (0.5–5
ms, see Supporting Information Figure S2). The transverse
relaxivity r2 (the transverse relaxation rate enhancement of
protons by the particles expressed per mM concentration of
Dy3+) is strongly dependent on the size of Dy2O3 nanoparticles,
as reflected in Figure 1, showing r2 as a function of the diffusion
correlation time τD (τD ) rc

2/D, where rc is the radius of the
Dy2O3 core of the particle, D ) 2.5 × 10-9 m2 s-1 is the
diffusion coefficient of water at 25 °C).

In general, r2 relaxivity has contributions triggered by two
correlation times: the diffusion correlation time, τD, and the static
correlation time, 1/∆ω (where ∆ω is the difference in Larmor

frequency at the particle surface and that at infinity).20 The latter
correlation time is dependent only on magnetic properties of
the particle, not upon its size. The relaxation behavior as shown
in Figure 1 is characteristic for aqueous suspensions of magnetic
particles, when the relaxivity is governed by the diffusion
relaxation mechanism. The data show that two regimes can be
distinguished.17–22 In the first regime, relevant for small particle
sizes (τD < 1.5 × 10-6 s), the condition for motional narrowing
is satisfied, which implies that diffusion phenomena are faster
than the spatial variation of the local field inhomogeneities
produced by a single particle (τD << 1/∆ω), and r2 increases
linearly with τD. The relaxivity then is described in terms of
the outer-sphere theory (OS).26 Upon increase of the particle
size, τD becomes comparable with 1/∆ω, and upon further
increase of τD, the second regime is reached, where r2 decreases
with τD (τD > 1.5 × 10-6 s in Figure 1). Figure 1 shows that
maximum relaxivity at 7 T is obtained for Dy2O3 nanoparticles
with a radius of about 70 nm, whereas at B ) 17.6 T, the
maximum relaxivity is reached at a radius of 60 nm.

In principle, a third regime should exist for very large particles
(τD >> 1/∆ω). Then, the diffusion can be practically neglected
and the relaxation rate is solely dependent on ∆ω and the
number of spheres (as reflected in the volume fraction, ν). The
concerning relaxivity mechanism is described by the static
dephasing regime theory (SDR).27–29 However, this regime is
not observed for the particles investigated in this study.

The Larmor frequency shift ∆ω, is given by eq 1, where Mp

is the induced magnetic moment of a particle, and γ is the proton
gyromagnetic ratio. Mp can be expressed as in eq 2.30

∆ω ) γMp/3 (1)

Mp )
n
υ

µ0 µC (2)

µC )
µeff

2 B

3kT
, where µeff ) gµB√J(J+ 1) (3)

Here n is the number of Ln3+ ions per particle, υ is the
volume of a single particle, µ0 the vacuum magnetic perme-
ability, and µC the Curie moment. The latter is given by eq 3,
where µB is the Bohr magneton, g the Landé g-factor, J the
quantum number of the total spin, k the Boltzmann constant,
and T the absolute temperature.

Provided that τD << 1/∆ω and that the diffusion correlation
time is not disturbed by the refocusing pulses separated by τCP

(τD << τCP), the relaxivity of water protons can be described
by eq 4:31,32

R2 ) R2
0 + 1

2
∆ω2ντD (4)

Here, R2
0 is the contribution due to diamagnetic relaxation.

Therefore, the slopes of the initial linear part of the curves in
Figure 1 are given by ½∆ω2υ . The values of ∆ω as calculated
from these slopes are given as a function of B in Figure 2. It
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Table 1. Average Particle Radii before and after Coating with Dextran
(nm) as Determined by DLS of the Particles Used in this Study and the
Effective Radii As Determined from the Transverse Relaxivities

before coating after coating rdiff
b

1 20 5 ((1.5)
37 75 56 ((14)
43 94 59 ((15)
59 67 61 ((5)
67a - -
95 139 -

a Commercially available suspension containing unknown emulsifier.
b See text.

Figure 1. Transverse relaxivity r2 as a function of the estimated diffusion
correlation time τD (τD ) rc

2/D) of dextran coated Dy2O3 nanoparticles
suspended in water at 25 °C, at magnetic fields B ) 7 (squares), 9.4
(diamonds), 11.9 (triangles), and 17.6 T (circles). The values of r2 are
averages of the four measurements for τCP ranging between 1 – 5 ms (the
inaccuracy of r2 values is 3–10%). The linear curves are fits of eq 4 to the
experimental points (correlation coefficients 0.99512, 0.99448, 0.99844, and
0.99919, respectively).
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can be seen that the Larmor frequency shift is linearly dependent
on B up to a magnetic field strength of about 12 T, which is in
agreement with eqs 1-3, but at B > 12 T, the linear relationship
breaks. Furthermore, according to eq 4, r2 should increase with
B2. This expectation seems to be fulfilled only for the sample
with particles with a core radius of 1 nm. For samples containing
larger magnetic particles, at B ≈ 12 T, the curve r2(B2) flattens
(Figure 3).

A possible explanation for this behavior is that at high
magnetic fields saturation of Mp may occur, which is not likely
for paramagnetic compounds. However, magnetization measure-
ments of Gd2O3 nanoparticles both coated with dextran and
uncoated, have shown a significant difference in the Mp(B)
curves. The results have suggested that upon coating, Gd2O3

particles become superparamagnetic.33 To clarify this issue, the
Mp values of the Dy2O3 particles were determined independently
by magnetization measurements at high magnetic fields. As

expected, at room temperature the data show a typical para-
magnetic behavior up to the B ) 30 T (Figure 4). Furthermore,
no effect of dextran coating on the measured Mp was detected.

Therefore, saturation of magnetization of a single particle Mp

must be ruled out as a reason for the saturation of ∆ω, and
consequently also of r2, at relatively high magnetic fields. Most
likely at those high magnetic field strengths, the protons in close
proximity of the magnetic particles have extremely fast signal
decay and are not observable on the NMR time scale. If so, the
r2 relaxivity measurement gives underestimated values of Mp.
This effect can be rationalized by the increase of Mp and thus
the increase of ∆ω upon increase of B. The diffusion correlation
time τD, at B > 12 T, becomes much larger than the static
correlation time 1/∆ω; at B ) 17.6 T, the difference is an order
of magnitude. Therefore, for the protons present in the area,
where the local field inhomogeneities are the largest, the
condition τD >> 1/∆ω is operative, resulting in very inefficient
averaging out of the spin phases of these protons by diffusion.
Consequently, they are not included in the magnetization pool,
and a larger T2 is measured with the CPMG pulse sequence.

The aqueous colloidal solution of dextran-coated 1 nm Dy2O3

nanoparticles, with τD of 4 × 10-10 s, behaves slightly
differently, as far as the r2(B2) relation is concerned (see Figure
3). Due to the extremely fast diffusion of these particles, the
local field inhomogeneities are very efficiently smoothened out,
resulting in a relatively slow relaxation process of water protons
(T2 is relatively long) even at high B. Accordingly, there is no
loss of NMR signal, and therefore, the r2 of these particles is
proportional to B2 for all magnetic field strengths applied.

The experimental results show that the magnetization values,
as determined from the relaxivity r2 data by the use of eqs 1
and 4, are in a good agreement with those determined with the
direct magnetization measurement (see Figure 5), at magnetic
fields lower than 12 T. The CPMG method is known to be very
sensitive to the diffusion phenomena. Therefore, the values of
r2 can vary, depending on the source and the extent to which
the diffusion process is disturbed. For this reason, we decided
to compare the directly measured magnetization data with the
magnetizations calculated from r2

/ determined from line widths.
The latter data represent the maximal, possible, relaxivity of
the water protons and are not disturbed by diffusion effects.28

The values of the both r2
/ and r2 for the various nanoparticles

are shown in Figure 6. The two regimes mentioned above (one
where the condition τD << 1/∆ω holds, and the other, where(33) McDonald, M. A.; Watkin, K. L. Acad. Radiol. 2006, 13, 421–427.

Figure 2. ∆ω(B) relation for dextran-coated Dy2O3 nanoparticles as
determined from the fit of eq 4 to the experimental points presented in
Figure 1 (R ) 0.9945).

Figure 3. The transverse relaxivity, r2, as a function of B2 for dextran-
coated Dy2O3 nanoparticles; the curves are the linear fits to the experimental
points for the nanoparticles with core radii of 1 nm (squares, R ) 0.99198),
37 nm (diamonds, R ) 0.99881), 43 nm (triangles, R ) 0.99171), 59 nm
(open circles, R ) 0.99621), 67 nm (filled circles, R ) 0.9868) and 95 nm
(open squares, R ) 0.99645).

Figure 4. The magnetization measurement Mp(B) for dextran-coated Dy2O3

nanoparticles (the data refers to the dextran-coated particles with a core
size rc ) 59 nm at room temperature (R ) 0.99667).
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the opposite is operative), are also reflected in the curve of r2
/

as a function of τD. Similar to r2, r2
/ is increasing linearly with

τD for relatively small sizes of particles (τD < 10-6 s), and for
larger radii, r2

/ seems to saturate at a constant value, whereas r2

decreases with τD. According to the outer—sphere theory, r2
/

and r2 should be equal under the condition τD << 1/∆ω, which
in the present study is fulfilled for τD < 1.5 × 10-6 s.18,19

However, the experimental data show that for most samples r2
/

is larger than r2, even for very small τD values. The slope of
the initial linear part of the curve for r2

/ is comparable with the
slope of the curve for the corresponding r2 values. We ascribe
this relaxation “loss” to the protons within the dextran layer.
This is strongly supported by the data for a sample of a
commercially available aqueous suspension of Dy2O3 nanopar-
ticles, which had an average particle size of 67 nm and no
coating, and showed equal values for r2

/ and r2. Moreover, the
ratio r2

//r2 for a sample of the particles with a core of 59 nm

coated with a relatively thick dextran layer of about 100 nm
(Figure 6, inset b), appeared to be around 2 times higher than
that for the same particles but covered with a dextran layer of
only about 10 nm (Figure 6, inset a).

The data also demonstrate that the gap between r2
/ and r2

increases with the thickness of the coating. The maximum value
of r2 is reached when it is equal to r2

/, and there, the thickness
of the coating should not exceed 10 nm. This phenomenon can
be explained by considering water molecules in the dextran layer
as being governed by the static dephasing regime (SDR). Most
probably due to the formation of hydrogen bonds with dextran,
the water molecules are hindered to move freely within the time
interval between the two refocusing pulses of the CPMG pulse
sequence. As an effect, the dephasing there is fully recovered
after these pulses and then r2 ≈ 0.16

To estimate the thickness of the layer, where the protons are
fully refocused by the π pulses, we define a sphere around the
particle with radius rdiff, within which the protons do not
contribute to the overall transverse relaxivity. This sphere
includes the part of the cross-linked dextran coating that is not
permeable by water and the water protons around the core of
which the dephasing of the magnetization is fully refocused.
Then ∆ω, τD, and υ can be scaled as in eqs 6–8.

∆ωdiff )∆ω( rc

rdiff
)3

(6)

τD,diff ) τD(rdiff

rc
)2

(7)

υdiff ) υ(rdiff

rc
)3

(8)

Equation (4) can then be rewritten as:

R2 )R2
0 + 1

2
∆ω2υτD( rc

rdiff
) (9)

whereas R2
/ is given by eq (10).

R/)R2
0/+ 1

2
∆ω2υτD (10)

From the values of r2 and r2
/ for τD e 10-6 s and eqs 6–10,

values for rdiff were estimated. The results are included in Table
1. It can be seen that the value of rdiff is always smaller than
the radius of the coated particles as measured by DLS. This
suggests that the diffusion of water in the outer part of the
dextran layer is not limited by hydrogen-bond formation with
the dextran.

For the condition τD > 1/∆ω (τD > 1.5 × 10-6 s), represented
in this study only by the largest particles (with τD ) 3.6 ×
10-6 s), the difference between r2

/ and r2 seems to be large, as
would be expected from the OS model. However, in this case,
still no increase of r2 upon the increase of τCP was observed.
This should be expected, since both diffusion correlation time
and the dephasing time are still much shorter than τCP (τCP >>
τD, 1/∆ω), and consequently, r2 cannot reach r2

/.34

Conclusion

The transverse relaxivity of dextran-coated particles is de-
pendent on the particle radius. Optimum relaxivities are reached
with particles having a core radius of about 70 nm. Under those

(34) Pereira, G. A.; Norek, M.; Peters, J. A.; Ananias, D.; Rocha, J.;
Geraldes, C. F. G. C. Dalton Trans. 2008, In press.

Figure 5. Comparison of Mp of Dy2O3 nanoparticles as determined from
the relaxivity r2 with the use of eqs 1 and 4 (circles in red, the curve
represents a linear fit to the first three points at B ) 7, 9.4, 11.9 T with R
) 0.99667) with the results of the magnetization measurement (squares,
black curve represents the linear fit to the data with R ) 0.99951).

Figure 6. r2/r2
/ (r2 squares, r2

/ circles) as a function of τD for dextran-
coated Dy2O3 nanoparticles at B ) 7 T and room temperature. The insets
show the DLS pictures of dextran-coated 59 nm Dy2O3 nanoparticles
(core - solid-black curve; the coated particles - dashed-red curve). Empty
symbols correspond to the particles of 59 nm with the coating of around
100 nm (inset b), as compared to the same particles (the same τD with
filled symbols), but with a dextran layer of ∼10 nm (inset a).
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conditions the r2 value is about 190 s-1 mM-1 at 7 T, and 25
°C, which is comparable with the relaxivity of, for example,
PEGylated magnetoliposomes (r2 ) 240 s-1 mM-1) or protein-
coated magnetoferritin (r2 ) 218 s-1 mM-1) at B ) 1.5 T.35

At even higher magnetic fields, the proton relaxivity r2 in the
presence of Dy2O3 nanoparticles is increasing with B2, in
contrast to superparamagnetic entities, which due to their
constant magnetic moment, produce no r2 enhancement at B >
1.5 T. Dextran coating appeared to improve the colloidal stability
of water suspensions of the particles. The relaxation behavior
of the suspensions of the dextran-coated particles differs
significantly from that of the previously studied uncoated
particles in the presence of xanthan gum as an emulsifier. There,
a huge gap between r2

/ and r2 (r2
/ ≈ 6 r2) was observed, whereas

r2 was dependent on τCP which is explained by the presence of
the high molecular weight xanthan gum, forming a thick layer
adsorbed on the particles surface. As a result, the effective radius
of the magnetic entities (rdiff) was much larger than the real
particle size. The relaxivities could be considered as the
weighted contributions of protons within the xanthan layer,
subjected to the SDR, and of the protons outside this layer,
subjected to the motional narrowing regime. Since rdiff for the
previously studied system was very large (∼0.7 µm) as
compared to rdiff for the presently studied dextran coated
particles (2–19 nm), the weight of the SDR-dominated relaxation
process was also relatively large. This resulted in linear-like
dependence of r2 on B. For the dextran-coated nanoparticles,
the transverse relaxivity is predominantly affected by the
motional narrowing regime and thus is proportional to B2.

Dy2O3 nanoparticles, due to their excellent relaxometric
properties, can provide the desired contrast agents for molecular
imaging at high magnetic fields. The results of the present study
can form the foundation for rational design of efficient MRI
contrast agents based on coated lanthanide oxide particles; the
present models will also be applicable to other types of coatings.
The coatings can be functionalized anchoring groups for
targeting vectors.36–41 A Dy2O3 particle with optimal relaxivity
has a radius of about 70 nm. Consequently, a targeting vector
conjugated to such a particle can deliver about 107 Dy3+ ions,
each with a relaxivity of 190 s-1 mM-1 at the site of interest.
This should be sufficient for application in molecular imaging.
It has been demonstrated already that the detection of a single
tumor cell in ViVo is feasible by MRI at 1.5 T.42–44 It should be

noted however, that various other factors are of importance for
application in molecular imaging, including the toxicity, protec-
tion of the particle by the coating for leaching, and the effect
of the particle size on the biodistribution. Further research to
establish this is required.

After optimizing the spatial resolution and the contrast-to-
noise ratio by application of higher magnetic fields, and
improving the sensitivity of MRI by the use of CAs highly
efficient at those strong fields, MRI will possibly offer the best
solution for noninvasive molecular imaging. It would be of great
interest to link the potential MRI imaging properties of
lanthanide oxide nanoparticles with therapeutic applications.45,46

Recently, it has been reported that holmium-containing particles
can be used for the radionuclide therapy of cancer cells and
the paramagnetic properties can be utilized for monitoring the
therapy by means of MRI.47 Since the magnitude of the
magnetic moments of Ho and Dy are the same, it may be
expected that the relaxation behavior of Ho- and Dy-containing
particles are similar.
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